Carbon based two-dimensional (2D) materials with honeycomb lattices, like graphene, polyaniline carbon-nitride (C 3 N) and boron-carbide (BC 3 ) exhibit exceptional physical properties. On this basis, we propose two novel graphene-like materials with BC 6 N stoichiometry. We conducted first-principles calculations to explore the stability, mechanical response, electronic, optical and thermal transport characteristics of graphene-like BC 3 and BC 6 N monolayers. The absence of imaginary frequencies in the phonon dispersions confirm dynamical stability of BC 3 and BC 6 N monolayers. Our first principles * Corresponding authors Email addresses: bohayra.mortazavi@gmail.com (Bohayra Mortazavi), pereira@fisica.ufrn.br 
Introduction
Graphene [1, 2] , which is a two-dimensional (2D) carbon allotrope with a honeycomb atomic lattice, exhibits remarkable mechanical properties [3] and ultrahigh thermal conductivity [4, 5, 6 ] outperforming all known materials.
Graphene also presents highly promising optical and electronic characteristics [7, 8, 9, 10] . The exceptional properties of graphene not only propose this novel material for the design of a wide-variety of advanced devices, but also promoted the research for the design and synthesis of other 2D materials. Nonetheless, it is worthy to remind that for some critical technologies, pristine graphene does not fulfill the requirements. As a well-known example, for the application as nanotransistors in post-silicon electronics, presenting a direct and narrow band-gap semiconducting electronic character is essential, whereas graphene is a zero band-gap semimetal. To address this drawback, two main approaches have been extensively explored during the last decade.
the first one includes the band-gap opening in graphene via defect engineering, mechanical straining, nanomesh creation or chemical functionalization [11, 12, 13, 14, 15, 16, 17] . In these approaches, the opening of the bandgap in graphene requires additional processing steps after growth, which are complicated and expensive. Therefore a more appealing alternative that has been extensively explored during the last decade is to directly fabricate 2D semiconductors, such as C 2 N [18, 19] , molybdenum disulfide [20] and phosphorene [21, 22] nanosheets.
Graphitic carbon nitride g-C 3 N 4 , layered materials have been widely synthesized for a long time by polymerization of cyanamide, dicyandiamide or melamine [23] . Graphitic carbon nitrides show porous atomic lattices and are made from covalent networks of carbon and nitrogen atoms. Unlike graphite, graphitic carbon nitrides are semiconductors. These layered materials have been proven as promising candidates for energy conversion and storage systems, catalysis, photocatalysis and oxygen reduction [23, 24, 25, 26, 27] . Nevertheless, the first successful synthesis of large-area triazine-based graphitic carbon nitride nanosheets was reported in 2014 by Siller et al. [28] , where it was produced on the basis of an ionothermal interfacial reaction. In 2015 another novel nanoporous carbon-nitride semiconducting nanosheet, so called nitrogenated holey graphene with a C 2 N stoichiometry was fabricated by Mahmood et al. via a wet-chemical reaction [18] . C 2 N nanosheets and their C 3 N 4 counterparts were theoretically predicted to be excellent candidates for photocatalysts [29, 30] . Shortly after, the same research group reported the first experimental realization of 2D polyaniline nanomembranes with a C 3 N stoichiometry [31] . Similarly to g-C 3 N 4 and C 2 N nanosheets, 2D polyaniline C 3 N was found to be a semiconductor composed of carbon and nitrogen atoms only. Nonetheless, in contrast with g-C 3 N 4 and C 2 N, C 3 N does not include a porous atomic lattice. The non-porous and densely packed atomic structure of C 3 N nanosheets results in considerably higher mechanical properties and thermal conductivity in comparison with g-C 3 N 4 and C 2 N porous counterparts [32, 33, 34, 35, 36, 37, 38, 39] . C 3 N graphene-like carbon nitride nanosheets have been proven to show desirable properties for numerous applications including nanotransistors [40, 41, 42] , superconductivity [43] , anode materials for Li-ion batteries [44] , and hydrogen storage [45] . This shows that in recent years carbon nitride 2D semiconductors have attracted remarkable attention of theoretical and experimental research groups worldwide.
Boron, like nitrogen, is also a neighbouring element of carbon with a very close atomic size and with the ability to form strong covalent bonds with it. This similarity raises questions concerning the stability and material properties of graphene-like boron carbide 2D nanostructures. In general, graphene-like materials made from B, C and N show very attractive physical and chemical properties [46, 47, 48, 49, 50, 51] . Interestingly, more than a decade before the synthesis of C 3 N nanomembranes [31] , BC 3 layered sheets have been experimentally realized by Tanaka et al. via epitaxial growth on NbB 2 surfaces [52] . Recently, graphene-like BC 3 nanosheets have been theoretically suggested as promising candidates for energy storage [53] , nanoelectronics [54, 55] , magnetic devices [56] , photocatalysts [57] and catalysis [58] . Nevertheless, in spite of the much earlier experimental realization of BC 3 sheets, the available information concerning their intrinsic physical properties and application prospects are still limited when compared with its C 3 N counterparts. In this work, we provide a comprehensive vision concerning the mechanical response, electronic, optical and thermal transport properties of graphene-like BC 3 monolayers via first-principles calculations.
In addition to that, we predicted and explore the intrinsic properties of two graphene-like carbon-based nanomaterials with BC 6 N stoichiometry. These novel materials can be seen as transition structures between the C 3 N and the BC 3 lattices. In fact, those novel direct band-gap semiconducting 2D materials not only yields high stiffness and attractive optical properties, but notably record some of the highest thermal conductivities among all predicted and fabricated 2D materials.
Computational methods
Density functional theory (DFT) calculations in this work were performed employing the Vienna Ab-initio Simulation Package (VASP) [59, 60, 61] . For the all simulations in this work, we used a plane-wave cutoff energy of 500 eV within the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) for the exchange correlation potential [62] . The convergence criteria for the electronic self consistence-loop was set to 10 −5 eV. To simulate nanosheets and not nanoribbons, periodic boundary conditions were applied along all three Cartesian directions, with a vacuum layer of 15Å to avoid image-image interactions along the monolayers thickness. The VESTA package was used to illustrate atomic structures and charge densities [63] . The phononic thermal conductivities of single-layer BC 3 and BC 6 N were predicted with the ShengBTE package [66] , which conducts a fully iterative solutions of the Boltzmann transport equation. Further details of the thermal conductivity calculations can be found in a previous study concerning the C 3 N monolayer [67] . Second order (harmonic) and third-order (anharmonic) interatomic force constants were calculated using density functional pertur- In accordance with the prebious study [67] , for the third-order anharmonic force constants, interactions up to the eleventh nearest-neighbours were considered. Born effective charges and dielectric constants were also considered in the dynamical matrix to obtain the thermal conductivity with a 51x51x1 q-point mesh. Nonetheless, we found that aforementioned terms can be accurately neglected for the studied nanosheets as their contributions in the estimated thermal conductivities are below 1%.
Results and discussion
We begin by pointing out that BC Mechanical properties of BC 3 and BC 6 N nanosheets have been investigated by conducting uniaxial tensile simulations. In order to check for a possible anisotropy in the mechanical response, uniaxial tensile simulations were conducted along armchair and zigzag directions. During uniaxial tensile loading, the periodic dimension along the loading direction was increased step-by-step with a fixed strain of 0.0005. In order to satisfy the uniaxial stress-conditions, the dimension perpendicular to the loading direction was adjusted to reach a negligible stress (<0.03 N/m). The atomic positions were rescaled according to the changes in the simulation box size, and subsequently energy minimization was conducted within the conjugate gradient method in order to allow the rearrangement of atomic positions. In Fig. 3 the DFT prediction for the uniaxial stress-strain response of BC 3 , BC 6 N-1
and BC 6 N-2 nanosheets along armchair and zigzag directions are compared.
As expected, the curves exhibit an initial linear behavior, corresponding to the elastic region. For each monolayer, these linear regions along armchair and zigzag directions were found to coincide, revealing isotropic elastic response for BC 3 , BC 6 N-1 and BC 6 N-2 monolayers. Moreover, we find that Let us point out that the remarkable tensile strength and elastic moduli of BC 3 and BC 6 N nanosheets are not enough to ensure their thermal stability. Therefore, in order to probe their thermal stability we conducted AIMD simulations at 500 K and 1000 K for a total simulation time of 20 ps.
The results are presented in the Supporting Information, and according to Now we investigate the electronic and optical characteristics of BC 3 , BC 6 N-1 and BC 6 N-2 monolayers. We begin by obtaining the electronic band structure along high symmetry directions of the first Brillouin zone as shown 
where c is the speed of light and n αβ (ω) is the refraction index. The absorption coefficients for BC 3 , BC 6 N-1, BC 6 N-2 and C 3 N are plotted in Fig.   6 . In this case we also compared the acquired results with that of pristine graphene in the visible range of light (from 390 to 700 nm) as a function We next discuss the optical conductivity of these 2D systems. The real part of the optical conductivity is related to Im[ αβ (ω)] by [72] :
The real part of the optical conductivities are presented in Fig. 7 , where we also include an inset in order to compare with pristine graphene in the visible range of light [73, 74] . The optical conductivities begin with a gap, which is due to the semiconducting properties of these nanosheets. The first prominent optical conductivity peaks occur at 1.95, 1.57, 1.42 and 1.69 eV for BC 3 , BC 6 N-1, BC 6 N-2 and C 3 N, respectively. Meanwhile, the main it is 600 W/m.K [76] , and for graphene we have 2900 ± 100 W/m.K [77] . It is worth of notice that we have previously observed a strong correspondence between anisotropies in elastic moduli and thermal conductivities [78, 19, 79] .
In several of our previous studies, 2D materials with isotropic elastic modulus also presented isotropic thermal conductivities. BC 6 N-2 monolayers seem to be a notable exception, since it presents isotropic elastic moduli but different values for thermal conductivity along in-plane directions. At first it might seem counterintuitive for BC 6 N-2 to present higher lattice thermal conductivities relative to BC 3 and BC 6 N-1, and in order to clarify this matter we look at the phonon group velocities shown in Fig. 9 . The major contribution to the thermal conductivity of both materials comes from their acoustic phonon modes. If we focus on the lower frequency range of the acoustic phonons, say below 15 THz, it is noticeable that on average the group velocities are higher in the case of BC 6 N-2, consistent with its higher thermal conductivity. This comparison of phonon group velocities has been enough to understand why a certain material presents a larger thermal conductivity relative to another material in some of our previous works [80, 81] . Nonetheless, it is not always possible to atribute the difference to group velocities alone, and other quantities migth need to be considered such as phonon mean free paths or scattering rates [67] . In general, doping of a pristine material decreases the thermal conductivity due to an increase in phonon scattering rates. However, our results suggest that in the case of BC 3 and C 3 N nanosheets, controlled chemical doping and replacement of a single B or N atom in every unit-cell can substan-tially improve the thermal conductivity. Furthermore, for these nanosheets, controlled doping also modulates the electronic structure by creating direct bandgap semiconductors. Therefore, our results reveal an unusual but very promising finding. We predict the possibility of opening a direct bandgap in graphene with minimal sacrifice of its ultrahigh thermal conductivity via co-doping with B and N atoms.
Concluding remarks
Graphene-like BC 3 and C 3 N are among the most attractive carbon-based 
